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The use of trade names hi this report is for descriptive purposes only and does not constitute endorsement by the U.S. Geological Survey. tionally zoned. Three distinct textural occurrences were noted: (1) as material rimming chromite but not replacing pyroxene, (2) as interstitial material replacing augite but not in contact with chromite, and (3) as interstitial material in rocks that contain no cumulus spinel. Cation-cation plots show that most of the coupled substitutions are of tschermakitic and edenitic type, and that hornblendes in category (3) are distinct from those in categories (1) and (2) in not having substitutions including Na in the M4 site and in having lower contents of Ti and Cr. Hornblendes associated with chromite have a larger extent of coupled substitution than those associated with augite and may be slightly more magnesium rich. However, the large extent of coupled substitution is not reflected by systematic increases in any one of the elements involved in the coupled substitution (that is, Al lv, Ti, orCr). Variations in compositions of zoned crystals in contact with chromite, pyroxene, olivine, and plagioclase support this observation, with the crystals having higher cation units of Ti, Cr, and Al lv when the hornblende is in contact with chromite. Variations in the composition of hornblende with stratigraphic position allow the size-graded olivine cumulate package of units to be divided into three parts. The lower part has complex increasing and decreasing trends of Mg/(Mg + Fe2+ ) (with an average ratio of 0.82), increasing upward Ti, Al lv, and Cl contents, decreasing upward F content, and constant Cr content. Hornblende from the middle part, which contains the B-chromitite, has slightly higher Mg/(Mg + Fe2 + ), about 0.83 to 0.84, with Ti increasing upward. The upper part, a portion of which contains no cumulus chromite, has lower Mg/(Mg + Fe2 + ), approximately 0.81, with Cr and Ti increasing upward. Nominal crystallization temperatures of hornblendes based on their Al lv contents range from 905 to 981 °C and average about 930 °C. Single zoned crystals appear to record a range of temperatures, with higher temperatures (980 °C) near chromite and lower temperatures (930-940 °C) away from chromite.
Phlogopite has a narrow range of composition (approximately 70 to 80 percent phlogopite end member) and substitutions that involve about equal amounts of annite and siderophyllite. The phlogopite has TiO2 greater than 3.0 weight percent (with two exceptions) and Cr2 O3 contents up to 1.5 weight percent. Variations in composition with stratigraphic position similar to those of the hornblendes are observed. It is not yet possible to suggest the conditions under which phlogopite crystallized except to conjecture that these conditions must have been similar to those prevailing when the hornblendes crystallized.
The textural and chemical evidence indicate that the hornblendes crystallized from trapped interstitial liquids at high temperatures. The variation in compositions suggests that the coexisting crystalline assemblage influenced the hornblende composition. Large-scale movement (greater than centimeters) of trapped liquid, which would homogenize the final hornblende compositions, did not occur or had ceased by the time the hornblende crystallized. The low contents of Cl and F in both phlogopites and hornblendes indicate that the magma was not noticeably enriched in these elements, nor is there any positive evidence for these volatiles streaming up through the olivine cumulate to concentrate base and precious metals.
INTRODUCTION
Numerous studies of cyclic units in the Peridotite zone of the Ultramafic series 1 of the Archean Stillwater Complex have examined the petrologic, mineralogic, and geochemical characteristics of the cumulus minerals (Jackson, 1961 (Jackson, , 1963 (Jackson, , 1967 (Jackson, , 1968 (Jackson, , 1969 (Jackson, , 1970 (Jackson, , 1971 Page and others, 1972; Raedeke, 1982; Raedeke and McCallum, 1982a, b, 1984) . However, the postcumulus (interstitial) minerals have not been studied in the same detail. Therefore, this investigation focuses on postcumulus amphibole and phlogopite from olivine cumulates containing a chromite seam; this unit has been correlated with cyclic unit 2 in the Stillwater Complex, which contains the B-chromitite (Jackson, 1963 (Jackson, , 1968 . The unit was selected because it contains an olivine cumulate in which the mineralogic, petrologic, and geochemical details of the cumulus minerals and their alteration are documented in detail (Page and others, 1972; Page, 1976; 'The stratigraphic terminology for the Stillwater Complex follows that of Zientek and others (1985) . others, 1976) . The comparative simplicity of this unit should reduce the number of assemblages to evaluate, even though experimental studies have shown that the compositions of amphiboles are not strongly influenced by changes in the coexisting crystalline assemblage (Helz, 1982) .
Amphibole and phlogopite were chosen for study because of the many chemical substitutions permissible within these minerals that might help elucidate the last stages of crystallization; in addition, these minerals could give information on the possible role of fluids in postcumulus processes in layered mafic stratiform intrusions. In particular, the Al^ and Ti contents of amphiboles are strongly correlated with temperature (Helz, 1973) . Furthermore, the Cl and F contents of the amphiboles should give evidence for the presence of these volatiles in the original melt (Wones and Gilbert, 1982) .
This report documents the textural and chemical characteristics of postcumulus amphibole and phlogopite in part of a layered mafic intrusion, compares these results with the whole-rock trace-element data on the host rocks, and tests hypotheses for late-stage processes, such as (1) the role of a fluid phase (Bow and others, 1982) and (2) simple crystallization from trapped (interstitial) magma.
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DISTRIBUTION, TEXTURE, AND MICROSCOPIC RELATIONS OF AMPHIBOLE AND PHLOGOPITE

Mineralogy and Petrology of the Olivine Cumulate
The cyclic unit investigated in this study was intersected in a diamond-drill hole in the upper part of Nye Basin, east of the Still water River. The stratigraphic position of this section in the lower part of the Ultramafic series and the correlation of the section with measured sections elsewhere in the complex are reported by Jackson (1968) and Page and others (1972) . The samples used in this study are from the olivine cumulate at the base of this cyclic unit. Most of the mineralogic, petrologic, and geochemical information on the cumulus minerals incorporated in this report are from Page and others (1972) .
Olivine grain-size measurements, olivine compositions, and volume percentages of postcumulus material are shown in figure 1 as a framework for discussing the distribution of amphibole and phlogopite. The cumulates can be subdivided into a series of nine subunits based upon the grain size of olivine and the abundance of chromite. In the first three subunits ( fig. 1) , the grain size of olivine decreases systematically within each subunit. Subunits 4 and 5 contain chromite, olivine-chromite, and olivine cumulates and are thus distinct. Subunits 7, 8, and 9 are largely based on olivine grain size, which decreases in each subunit; however, the lower 80 percent of subunit 9 contains no cumulus spinel phase, in contrast to all of the other subunits, which contain cumulus chromite in minor amounts. Variations in volume percentages of minerals, in mineral compositions, and in trace-element contents correlate with size-graded subunits of the olivine cumulate (Page and others, 1972) .
The olivine cumulate of this cyclic unit is fairly typical for the Ultramafic series and on the average contains 70.9 volume percent cumulus olivine, with an average Mg/(Mg + Fe2+ ) x 100 = 84.0. In addition, the average total mode contains 1.7 percent cumulus chromite and traces of pyrrhotite, pentlandite, and chalcopyrite both as inclusions in cumulus grains and as postcumulus grains. Postcumulus plagioclase (11.1 percent), orthopyroxene (6.0 percent), augite (9.0 percent), hornblende (0.7 percent), and phlogopite (0.5 percent) account for the rest of the unserpentinized rock. Serpentinization and postcrystallization alteration have produced various amounts of the alteration assemblage lizardite + chrysotile ± magnetite ± thompsonite (or other zeolites) ± calcite, the details of which are discussed in Page (1976) .
Variation in Amount of Amphibole and Phlogopite in the Olivine Cumulate
Within the olivine cumulate, the maximum amounts of combined amphibole and phlogopite are found in size-graded subunits 3, 4, and 5 ( fig. ID) . These are the subunits immediately below and containing the chromite and olivinechromite cumulate layers. There are no overall systematic trends in the abundance of combined amphibole and phlogopite with stratigraphic height within the entire section. However, the combined abundance of amphibole and phlogopite decreases upsection within subunit 3, which is the subunit below the first chromite cumulates.
Either phlogopite or amphibole may be the more abundant mineral in any particular sample (fig. ID) ; however, no recognizable patterns to their relative abundance were found. Also, there are no stratigraphic patterns to their mode of textural occurrence.
Microscopic Textures and Associations
Amphibole and phlogopite are not randomly distributed within a thin section but instead show very subtle but consistent textural relations with other postcumulus and cumulus minerals. Two generations of amphibole are present: (1) brown to red-brown (/3), brown to light-brown (y), and colorless (a) crystals that texturally appear to be part of the postcumulus magmatic assemblage; and (2) colorless crystals that appear to be the product of a subsolidus alteration event. The terms brown amphibole and hornblende are used interchangeably to describe amphiboles of generation (1). Phlogopite is the only mica recognized; it forms brownishred (/? and y) and pale-yellow (a) crystals that also appear to be part of the postcumulus magmatic assemblage.
Commonly, postcumulus brown amphibole is spatially associated with either postcumulus pyroxene, cumulus chromite, or both. The association with pyroxene may be direct, in which case brown amphibole forms discontinuous rims on augite ( fig. 2A) and lenses of hornblende within the cores of pyroxene crystals, and (3) examples of twinned hornblende crystals that are homoaxial with twinned augite crystals. On a larger scale, the distribution of hornblende in a thin section may be spatially related to pyroxene even though hornblende does not directly form rims on the pyroxene. As an example, postcumulus hornblende is concentrated in a zone adjacent to an orthopyroxene oikocryst ( fig. 2C ).
The association between chromite and brown amphibole is much more direct ( fig. 2D, E) . In these examples, thin rims of augite have formed between cumulus olivine and interstitial plagioclase. However, where similar rims form on cumulus chromite, the rim material is brown amphibole. In most cases, however, brown amphibole forms rims adjacent to chromite without any associated augite ( fig. 2F, G) . Rims of hornblende between cumulus olivine grains or between cumulus olivine and interstitial plagioclase are common; however, some of these occurrences may be related to the other textural occurrences outside the plane of the thin section.
Clear, colorless amphibole is quite rare in these rocks, having been observed in only two samples. The clear amphibole may rim and replace brown amphibole, but it also replaces pyroxene. In some examples, the hornblende crystals are altered to the clear, colorless amphibole through various brown color zones. This alteration may be associated with serpentinization, as described by Page (1976) .
Postcumulus phlogopite forms subhedral to euhedral books when it is finer grained, but it may form anhedral irregular grains where it completely fills the interstitial void between cumulus grains. Phlogopite may preferentially form subhedral crystals growing adjacent to chromite grains ( fig.  2H ) or rims on opaques, but it does not tend to be associated with postcumulus pyroxene, unlike brown amphibole.
Coexisting brown amphibole and phlogopite was not commonly observed, and only three examples of it were found in this study. Boundaries between these minerals do not yield any information on the relative order of crystallization ( fig. 21, J) . Instead, the boundaries between brown amphibole and biotite appear to represent minimum free-energy grain-boundary configurations for these two minerals (Kretz, 1966) .
The idiomorphic grain boundaries exhibited by phlogopite in contact with plagioclase suggest that the mica crystallized prior to or contemporaneously with plagioclase. The relative order of plagioclase and brown amphibole crystallization is more difficult to gauge. Because brown amphibole does not develop idiomorphic grain boundaries against plagioclase, it is assumed to have crystallized contemporaneously with or subsequent to plagioclase.
TECHNIQUES
The methods of handling and gathering data from the drill core, in addition to the whole-rock trace-element analyses for the rocks studied, are described by Page and others (1972) . The mineral presented in this report are microprobe analyses collected at facilities at the U.S. Geological Survey in Menlo Park, California, and the University of California, Berkeley. The amphibole and phlogopite analyses reported in the present study are of either single points on mineral grains or an average of several points on the same crystal. The points on the mineral grains (reported in the tables as, for example, 618a-pt 1) were selected to be representative of a given textural occurrence and to be free of any alteration or grain-boundary interference. Multiple analyses were made on the larger grains; commonly, these analyses were in the core of the crystal and along its rim. If a difference in composition was present, the individual analyses are reported. However, if they were similar, the average composition of the multiple points is presented.
The analyses of brown amphibole, secondary amphibole, and phlogopite conducted at the U.S. Geological Survey at Menlo Park were performed on an automated threechannel ARL-EMX electron microprobe. Point locations were recorded on photomicrographs to assist in relocation. Each element was determined by wavelength dispersive analysis. Standard operating conditions were an accelerating potential of 15 kV with a sample current of approximately 0.03 /^A. For each point analysis, the counts for each element represent the average of six separate counting intervals. The length of the counting interval was approximately 10 s and was determined by beam-current integration. The information was collected, stored on-line, and reduced with the program FRAME 64 using the procedure outlined in Yakowitz and others (1973) .
Analyses of the zoned brown amphiboles, olivines, and chromites were performed on an eight-channel ARL-SEMQ microprobe at the University of California, Berkeley. The elements were determined by wavelength dispersive analysis; operating conditions were identical to those for the analyses done at Menlo Park. Each point analysis of amphibole represents the average of six 10-s fixed-beam counting intervals. The analyses of olivine and chromite represent averages of analyses of multiple points within a crystal. The information was collected and reduced on-line using the program PRMAIN developed by M. Rivers.
The accuracy and precision can be estimated because amphibole and biotite standards periodically were analyzed as unknown minerals. When compared with the reported values of the standard, the average analyses of the standards that were analyzed as unknowns provide an estimate of the accuracy of the analyses (table 1). Because of the small variations in composition discussed in this report, the data in table 1 are provided to aid the reader in evaluating the analyses presented. The standard deviations demonstrate the level of precision and hence the analytical error typical of analyses collected on the ARL-EMX microprobe. The precision of analyses collected on the ARL-SEMQ microprobe is comparable to or slightly better than that of the ARL-EMX microprobe analyses.
All mineral formulas are reported to three decimal places and were calculated before rounding the analytical data to minimize rounding errors, but they are probably not significant to more than two places. Mineral formulas of amphiboles were calculated on the basis of 23 oxygens using the program described by Papike and others (1974) . The Fe3+ values reported for the analyses are the minimum values calculated by this program. Mineral formulas for phlogopites were calculated using an unpublished program developed by S. Ludington. The mineral formulas for phlogopites are based on the assumption that the sum of the positive charges equals 22. Olivine and chromite mineral formulas were calculated on the basis of 4 oxygens. Estimates of Fe2O3 in the chromites are based on stoichiometry.
COMPOSITION AND SUBSTITUTION MECHANISMS OF AMPHIBOLE
The chemical compositions and calculated mineral formulas of primary brown hornblendes and secondary colorless amphiboles are given in tables 2 and 3, respectively. This section outlines the compositional limits of the amphiboles analyzed in this study.
The general form of the standard amphibole formula is AO_I B2 C^1 TJJV O22 (OH, F, Cl)2 , where T represents tetrahedral sites occupied by Si and Al; C represents the MI, M2 , and M3 octahedral sites, which are commonly occupied by Al, Cr, Ti, Fe, Mg, and Mn; B represents the 6-to 8-coordinated M4 site occupied by Fe, Mn, Mg, Ca, and Na; and A represents the 10-to 12-coordinated A site, which may be occupied by Na and K (Leake, 1978) .
The brown amphiboles are calcic, with (Ca + Na)e ^1.34 and NaB < 0.67. In addition, these amphiboles have Ti < 0.50 and calculated Fe3 + < A1 VI . These amphiboles are classified as pargasite or pargasitic hornblende ( fig. 3 A) .
The alteration amphiboles are also calcic and are classified as pargasite, pargasitic hornblende, edenitic hornblende, and magnesio-hastingsitic hornblende (transitional reported in column 4.
pale-brown crystals) to tremolite or tremolitic hornblende (colorless crystals). Earlier, we described at least two distinctly different textural occurrences of hornblende. Hornblende was found both to replace augite ( fig. 2A ) and to form rims on chromite crystals ( fig. 2D-G) . To assess the role of assemblage on hornblende compositions, the analyses were sorted into the following categories: (1) hornblende that rims chromite but does not replace pyroxene, (2) hornblende that replaces augite but is not in contact with chromite, (3) hornblende occurring in the lower portion of subunit 9 in which a cumulus spinel phase is not present, and (4) hornblende in ambiguous or different textural associations (table 2) .
The mean and standard deviation for each textural group were calculated, and the differences between the means of oxide weight percentage and formula units for the groups were tested at a 0.5-percent level by calculating a comparison criterion that is based on the pooled standard deviation, on Student's t-test, and on the number of samples in each group. This value is then compared with the absolute difference between the means of the property between groups that is under consideration. Means and standard deviations are presented in between the two groups being compared are statistically different for the confidence level being used (in this case 99.5 percent). The results of this test show that the hornblende compositions in rocks from the lower part of subunit 9 (group 3) are statistically higher in Fe, Na (in the A site), and total (Na, K)A and lower in Ti, Cr, and Na (in the M). site) than are the compositions of hornblende that rims chromite (group 1) or that replaces augite (group 2). Groups 1, 2, and 4 have nearly identical compositions.
On an expanded portion of the Mg/(Mg + Fe2+ ) versus Si diagram of Leake ( fig. 35) , the three groups of hornblende analyses form overlapping clusters of data. The hornblendes associated with chromite seem to be the most variable in composition. The composition of hornblende associated with augite decreases in Mg/(Mg + Fe2+ ) as Si increases. The hornblendes from the lower portion of subunit 9 have a restricted range of composition and low Mg/(Mg + Fe2 +).
The compositional diversity of amphiboles can be most easily represented on cation-cation plots that emphasize some of the possible substitutions that take place within the amphibole structure. Two broad types of substitutions are possible: (1) exchange reactions, and (2) coupled substitutions. Exchange reactions include, for example, Fe and Mg exchange in the smaller M sites, Ca and Fe exchange in the M4 site, or Na and K exchange in the A site. These exchanges do not require additional charge compensation. Coupled substitutions, however, require exchange of components in at least two structural sites in the amphibole to maintain charge balance. Examples of coupled substitutions listed by the name previously assigned to them (Cameron and Papike, 1979) compositions in the lower part of unit 9 (where spinel is not present) are distinct from those in augite-or chromite-related assemblages. On these plots, the assemblages of hornblende plus chromite are compared with the assemblages of hornblende plus augite and hornblende without any spinel in the rock (lower portion of subunit 9 in the cyclic unit). Edenitic and tschermakitic coupled substitutions predominate (fig. 4) . The end-member pargasite composition results from a linear combination of the tschermakite and edenite substitutions. It is obvious that charge imbalance created by the substitution of Na and K into the A site could be totally compensated by substitution of A1 IV into the tetrahedral sites. AI , in excess of that required to offset Na and K substitution in the A site, almost compensates the charge imbalance created when trivalent and quadravalent cations substitute into the octahedral sites ( fig. 5 ). This residual could be compensated by substitution of Na into the M4 site ( fig. 6 ). Glaucophane-like or riebiekite substitutions are most likely, although some richterite substitutions may be possible for those hornblendes in the lower portion of subunit 9, in which chromite is absent.
Hornblendes associated with chromite overlap the ranges of A1 IV and (Na, K)A ( fig. 4) for the other textural assemblages, but they appear to have a broader range of A1 IV and (Na, K)A substitution than those hornblendes associated with augite or with no spinel (lower part of subunit 9). Hornblendes in the lower part of subunit 9 show distinct compositions when plotted on figures 4 and 5, an indication that there are lesser amounts of A1 VI + Ti + Cr in this group than in the other assemblages.
The variation in amounts of substitution in hornblende for Ti, Cr, and A1 VI in the different textural assemblages is illustrated on figure 7, where these cations are plotted versus Al^. The fields of hornblende compositions for the different textural assemblages overlap; however, hornblendes in rocks with no chromite from the lower portion of subunit 9 tend to have less Ti and Cr and more A1VI than hornblendes in the other assemblages. Similarly, hornblendes from the lower portion of subunit 9 without chromite have lesser amounts of NaB than hornblendes associated with augite or chromite ( fig. 8) .
In summary, the substitution mechanisms in hornblendes from cyclic unit 2 are dominated by tschermakiticand edenitic-type substitutions that produce pargasite, with slightly more tschermakitic substitutions than edenitic substitutions. The substitution mechanisms are similar for hornblendes in each of the different textural assemblages, but hornblendes in the lower part of subunit 9 without chromite appear to be differentiated from the other assemblages by some richterite substitution and lesser amounts of Ti and Cr. The mean ratios of weight percent Cl to F in hornblendes associated with chromite and augite are 1.4 and 2.0, respectively, whereas the ratio in rocks from the lower portion of subunit 9 with no chromite is 6.0. Chlorine-to-fluorine ratios can be used to discriminate the hornblendes of the lower part of subunit 9 in the olivine cumulates. A similar analysis of the compositions of the alteration amphiboles shows that the end product of the alteration process is a tremolitic hornblende or tremolite. Intermediate compositions are developed in single crystals in which the amphibole changes in composition from pargasite to tremolite. The major compositional changes are decreases in A12O3, TiO2, K2O, 0*203, and perhaps Cl and F, and an increase in MgO. Alteration amphiboles are relatively rare in the samples studied.
COMPOSITION AND SUBSTITUTION MECHANISMS OF PHLOGOPITE
Phlogopite is used to refer to a trioctahedral mica in which most of the octahedral positions are occupied by Mg (Foster, 1960) . For the analyses in table 6, 70 to 80 percent of the octahedral positions are occupied by Mg. Normally, phlogopites have less than 0.10 cation positions occupied by Ti (Foster, 1960) ; however, the calculated formulas for phlogopites from the olivine cumulates generally contain more than 0.2 formula units Ti, with a range from 0.095 to 0.347. With two exceptions, all analyses in table 6 contain greater than 3.0 weight percent TiO2; in addition, they all have A1 VI that is less than A1 IV (with the A1 VI also accompanied by a Si deficiency) and a K-site deficiency of less than 0.2. Because it was not possible to determine the analyses when cast as end members plot as combinations of phlogopite, annite, and siderophyllite ( fig. 9 ). The phlogopite compositions form a relatively tight cluster between 72 and 80 percent phlogopite end member, with about equal proportions of annite and siderophyllite.
Various substitution mechanisms have been suggested for phlogopites, including the phlogopite-annite series (K2Mg6 [Si6Al202ol (OH)4 to K2Fe6 [Si^C^ol (OH)4) and the phlogopite-siderophyllite series (K^Mgg [SieA^C^ol (OH)4 to K2Fe5Al VI [Si5 Al3VO2o] (OH)4); both of these substitution mechanisms seem to operate in the phlogopites of the olivine cumulates (see fig. 9 ). Arima and Edgar (1981) , among others, have examined the possible substitution mechanisms involving Ti in phlogopite, and the discussion that follows is based on their calculation and plotting methodology.
In figure 10 , all the phlogopite analyses have A1 VI less than Al^ and enough Al to compensate for the Si deficiency so that no Fe +3 or Ti^ is needed. They cluster on a line between two end members, K2Mg5TiAl4Si4O2o(OH)4 and K2Mg4 [ ] TiAl2Si6O2o(OH)2 , indicating that Ti is likely to occupy the octahedral site. The phlogopites have trends of increasing Ti with both octahedral site occupancy and Si + A1 VI, as shown in figure 11 . This relation suggests that the two substitution mechanisms, 2MgVI ^ Ti^ and Mg^Si , are operative in the Still water phlogopites. Comparison criteria = t (s (1/nj + l/n2) ) where:
t is the value of a test statistic derived from Students' t-distribution for a level of significance of 99.5 percent, ni and no are the sample sizes of the two populations, s is the pooled standard deviation and is equal to , where s, and Sy are the standard deviations of the two populations. 
ASSEMBLAGE-CONTROLLED COMPOSITIONAL VARIATIONS IN BROWN AMPHIBOLE
Two facets of the composition information warrant further discussion. First, is there any compositional difference between the various distinct textural assemblages of brown amphibole within single samples? Second, is there any systematic variation in the composition of single hornblende crystals related to the coexisting assemblage?
Compositional Variation Between Assemblage Groups Within the Same Sample
Although the analysis presented in the previous section indicates there was little difference in composition between hornblendes in different assemblages taken as a whole, the compositional range may have obscured any systematic variation that might have existed within individual samples, here defined as a single thin section. The recognition of hornblende assemblages with different compositions within individual samples is important in any interpretation of hornblende compositions as a function of stratigraphic position.
Comparison of hornblende analyses for different textural assemblages in a single sample show that there is a systematic difference based on assemblage when examined on cation-cation plots. Hornblende associated with chromite shows a larger extent of coupled substitution and may be slightly more magnesium rich. The compositional variation between different assemblages within single samples is similar to the variations found in the whole group of samples, and the same substitution mechanisms predominate.
Compositional Variation Among the Assemblage Groups Within the Same Hornblende Crystal
In order to understand variations in hornblende compositions in the chromite-associated assemblage and the extent of coupled substitutions involving individual elements, three samples were selected to study composition zoning in single crystals. In each sample, the hornblende crystal was large enough so that it was in contact with a variety of silicate and (or) oxide crystals. The compositions of the hornblende in contact with each adjoining phase were then determined, and the results are presented in table 7. In addition, the compositions of the coexisting chromite and olivine were analyzed; these analyses are given in tables 8 and 9, respectively. Sketches of the areas examined, with the locations of the points analyzed, are shown in figure 12 . The results show that the crystals are zoned and that the composition of the hornblende is related to the composition of the chromite. Although the samples come from different stratigraphic positions in the olivine cumulate of cyclic unit 2, Mg/(Mg + Fe2+ ) of the olivine crystals is the same (0.85). This ratio reflects the composition of olivine in the core of crystals; no large-scale zoning was recognized. The spinels are chromites with Mg/(Mg + Fe2+ ) between 0.329 and 0.412 and with Cr/(Cr + Al) between 0.546 and 0.596. TiO2 varies from 0.76 to 2.2 weight percent. In one sample (747b), the rims tend to be slightly Mg enriched.
Two approaches to examining the hornblende data in table 7 were used. One was to look at cation contents plotted spatially with respect to the adjacent chromite and silicate minerals, and the other was to examine cation-cation plots to evaluate the amounts and types of substitution.
The distribution of cation and selected cation ratios is shown for the three samples containing zoned hornblendes ( fig. 12 ). Mg/(Mg + Fe2+ ) in hornblende does not vary by more than 0.03 units in any of the three samples nor does its variation appear to be related systematically to the adjoining chromites and silicates. However, variations in the cation proportions of Cr and Ti ( fig. 125, C) are more strongly influenced by the adjoining minerals to the amphibole. The best example of this relation is the distribution of Ti in sample 747b ( fig. 12C ). In this sample, the Ti content (formula units) of amphibole next to olivine and plagioclase is 0.29 to 0.32, whereas the Ti contents of amphibole next to chromite and plagioclase and of amphibole next to chromite and olivine range from 0.36 to 0.38 and 0.35 to 0.38, respectively. Similar, although not as strong, correlations are found in samples 830a and 755c. Cation units of Cr are the highest next to chromite plus plagioclase or chromite plus olivine and are the lowest next to plagioclase plus olivine ( fig. 125 ). These observations strongly suggest that Cr and Ti zoning in hornblende is influenced by the nearest neighbor minerals to the hornblende. The distribution of Al cations ( fig. 12£>) in hornblende also appears to be influenced by the adjoining minerals. Hornblende in contact with chromite and plagioclase has higher amounts of Al than hornblende in contact with other combinations of minerals. The distribution of A1 VI in hornblendes appears to be lower in hornblende in contact with chromite ( fig. VIE) . Examination of the distribution of (Na, K)A and NaB cations in the hornblendes suggests that their distribution is not influenced by the adjoining minerals, except that there is a suggestion that NaB cations are lowest in hornblende that is in contact with plagioclase and olivine. In summary, both chromite and silicate minerals appear to be related to changes in composition of the zoned brown amphiboles, and the presence or absence of chromite seems to affect the composition more than the presence or absence of silicates.
Changes in the composition of the zoned hornblendes depending on assemblage were also examined on cationcation plots similar to those in figures 3-8. Based on this examination, it was concluded that the substitution mechanisms for these zoned crystals are the same as those discussed earlier for all hornblendes. As might be expected, hornblende adjacent to chromite-bearing assemblages has a greater extent of coupled substitution of edenite and tschermakite and higher Ti and NaB contents. Cr content is distinctly higher in the chromite-bearing assemblage in sample 747b than for sample 755c and slightly higher for the chromite-bearing assemblage in sample 830a than for sample 755c. Similar variability is encountered for the Al^, A1 VI , and (Na, K)A contents in the hornblendes.
The variation between samples may in part reflect the composition of the phases coexisting with the brown hornblendes. Within the three samples studied, the amount of Ti in the hornblende formulas appears to correlate with the amount of Ti in the chromite formulas; however, the amount of Cr in the hornblendes does not correlate with the formula amounts of Cr in the chromites ( fig. 13) .
In summary, assemblage-controlled compositional variations in hornblende account for some of the variability seen in the hornblende analyses, such as with hornblendes in the chromite-absent interval in subunit 9 and with the Ti contents of hornblendes associated with chromite. However, variations in other compositional components do not appear to be systematically related to the crystalline assemblage coexisting with the hornblendes.
VARIATION IN HORNBLENDE COMPOSITION WITH STRATIGRAPHIC POSITION
A true average composition of hornblende at any particular stratigraphic position is difficult to obtain because, as has been shown previously, the hornblende composition is variable on a thin-section scale and in part depends upon the minerals with which it is in contact.
Nevertheless, arithmetical averages of selected properties of the hornblende analyses are plotted as a function of stratigraphic position ( fig. 14) , along with arithmetical averages of selected properties of hornblende analyses for different associated assemblage groups. Examining the overall patterns, especially for Mg/(Mg + Fe2+ ), we see that the olivine cumulate package of cyclic unit 2 can be divided into three parts.
The lower part contains grain-size subunits 1, 2, 3, and 4 and is characterized by an average value of Mg/(Mg + Fe2+) of approximately 0.82. Although the average Mg/(Mg + Fe2+ ) ( fig. 145 ) trends are quite complex and show increasing and decreasing trends with one discontinuity, the trend of Mg/(Mg + Fe2+ ) for hornblendes associated with chromite and plagioclase ( fig. 14C ) is much simpler. The Mg/(Mg + Fe2+ ) trend of hornblende associated with chromite and plagioclase is nearly constant; the compositional discontinuity between grain-size subunits 2 and 3 seen in figure 14B is not present. The slight iron-enrichment trends at the base of grain-size subunit 1 and the tops of subunits are still apparent. The compositional trend of Mg/(Mg + Fe2+ ) for hornblende associated with augite ( fig. 14D ) is complex; a compositional discontinuity is present between grain-size subunits 2 and 3, and the base of subunit 3 is characterized by a magnesium-enrichment trend in the hornblende compositions. These results indicate that many of the small-scale fluctuations in the overall pattern result from averaging ratios of Mg/(Mg + Fe2+) that vary between different assemblages; the significance of the small-scale fluctuations can only be assessed when this information on assemblages is available. Overall, this lower part is characterized by increasing Ti and Cl contents with stratigraphic position ( fig. 14E, G) . The F contents ( fig. 14G ) are lower than the Cl contents and have an inverse relation to the distribution of Cl. A1 VI is quite variable within samples; the trend of the Al^ contents is erratic but shows an overall increase in the lower unit ( fig. 14F ). Cr is nearly constant (fig.
The middle part of the olivine cumulate package of cyclic unit 2 contains grain-size subunits 5,6,7, and 8; the chromitites appear in subunits 5 and 6. This middle part has a slightly higher range of Mg/(Mg + Fe2+), 0.83 to 0.84, than the lower part. The lack of samples prohibits any conclusive generalizations about trends within the subunits. The Cr and Ti values are erratic (in part as a result of local alteration to colorless amphibole); in general, the Ti contents increase upward in the middle unit, with a compositional discontinuity between the lower and the middle parts. A1 IV values are erratic but slightly higher than the lower part. Cl contents are lower than those in the lower grain-size subunits.
The upper part contains grain-size subunit 9; the lower portion of this subunit contains no cumulus chromite. The values of Mg/(Mg + Fe2+ ) in hornblende are lower than in the other grain-size subunits and average 0.81. Both Cr and Ti increase upward in this part. A sharp compositional discontinuity in Mg/(Mg + Fe2+ ), Cr, and Ti is present between grain-size subunits 8 and 9. A1 IV is erratic and slightly less than the middle part but similar to the values seen in grain-size subunit 3 (lower part). Cl values are quite high.
One sample (755c), contains the boundary between two grain-size subunits (4 and 5). This sample represents about 7 cm of pegmatitic olivine cumulate, overlain by 0.3 cm of chromite cumulate, and followed by 4.1 cm of olivinechromite cumulate. The pegmatitic olivine cumulate contains cumulus olivine and postcumulus plagioclase, orthopyroxene, phlogopite, and hornblende. The chromite cumulate occurs in an olivine-chromite cumulate with postcumulus plagioclase, augite, orthopyroxene, and hornblende. It also contains accessory amounts of pyrrhotite, pentlandite, magnetite, and chalcopyrite. The overlying olivine-chromite cumulate contains postcumulus hornblende, plagioclase, and minor amounts of magnetite, pyrrhotite, and pentlandite. Selected properties of the hornblendes through this section are compared in table 10 based on analyses given in table 2. The largest changes in the hornblende composition cumulate and involve decreases in formula units of Al VI and Cr and increases in the amount of A1 IV and formula units of Ti and K.
VARIATION IN PHLOGOPITE COMPOSITION WITH STRATIGRAPHIC POSITION
Selected compositional parameters of phlogopite are shown ( fig. 15 ) as a function of stratigraphic position relative to the size-graded subunits of the olivine cumulate. Average and single-grain analyses have been used to construct the tentative trend lines. The overall pattern is erratic. Each sizegraded subunit ( fig. 15/1) , where the data are available, appears to have its own patterns of increasing and (or) decreasing Mg/(Mg + Fe2+ ), Ti, and Cr with stratigraphic height. The overall average trend of Mg/(Mg + Fe2+ ) X 100 in phlogopite for the olivine cumulate of cyclic unit 2 appears to increase slightly with stratigraphic height (fig.  155) . No overall pattern is suggested by the Ti and Cr data ( fig. 15C, D) . Cl is more abundant than F in the phlogopites, which is the same relation observed in the hornblendes. Phlogopites in grain-size subunit 3 and the base of grainsize subunit 5 contain higher concentrations of both Cl and F ( fig. 15£) .
The most striking feature about the compositional variations shown in figure 15B -D is the sympathetic variation of Cr with Ti and the antithetic variation of Mg/(Mg + Fe2+ ) X 100 with both Cr and Ti. The coupled substitution involving Mg and Ti in the octahedral sites in the phlogopites discussed earlier would predict an antithetic relation between Mg/(Mg + Fe2+ ) x 100 and Mg and Ti, and this suggests that a coupled substitution involving Cr and Mg in the octahedral sites of these phlogopites may also be operative. Such a substitution could take the forms Mg ^ Cr or Mg + Si ^ Cr + Al, analogous to the Ti substitution schemes.
COMPARISON OF TRACE ELEMENTS INFORMATION
The variation of whole-rock Cr concentration with stratigraphic position in the olivine cumulates is mainly a function of the amount of chromite (Page and others, 1972) . The concentration of whole-rock Ti with the olivine cumulates has a more irregular distribution but can be generally correlated with the concentration of Cr. When the variation in the concentrations of Cr and Ti are compared in detail, there is a significant noncorrespondence of Cr and Ti abundances in grain-size subunit 3 ( fig. 16 ). The concentration of Ti does closely correspond to the abundance of amphibole plus phlogopite in this unit. This suggests that the whole-rock Ti contents of these cumulates reflect the abundances of both chromite and hornblende plus biotite. In addition, these results suggest that the Ti contents of cumulates cannot necessarily be used to approximate the volume of trapped, interstitial material (for example, Irvine, 1980, fig. 15 ).
INTERPRETATIONS AND CONCLUSIONS
Experimental studies have shown that few compositional parameters of hornblende are affected by changes in the coexisting assemblage at constant temperature and pressure as long as the bulk composition is constant (Helz, 1973 (Helz, , 1982 . The results of the present study generally support this finding. As noted previously, there are only very subtle changes in the composition of hornblende in different textural associations. In the olivine cumulates of subunits 1 through 8, the overall compositions of hornblendes that replace augite cannot be statistically discriminated from the compositions of hornblendes that rim chromite (table 5). All analyses of brown amphibole define a very narrow compositional range (fig. 3) .
However, the presence of chromite does have a very slight effect on the composition of hornblende. The hornblendes in the lower part of subunit 9 are characterized by less extensive coupled substitution and lower amounts of Cr and Ti; cumulus chromite is absent from the rocks in this part of the subunit. In single thin sections, hornblendes associated with chromite exhibit a higher degree of coupled substitution. Within individual crystals, the proportions of Ti and to a lesser extent of A1 IV and Cr increase in abundance adjacent to chromite crystals ( fig. 12 ). The Ti contents of these hornblendes are related to the Ti contents of the associated chromite ( fig. 13 ). Mg/(Mg + Fe2+ ) of the hornblendes is not significantly affected by the presence or absence of chromite. These observations are also in accord with experimental observations. Helz (1973 Helz ( , 1982 has noted that the TiO2 contents of hornblende are strongly affected by changes in the oxide assemblage. The compositions of the hornblendes in cyclic unit 2 are influenced by the local environment of crystallization.
Experimental studies by Helz (1973) The high and low temperatures given in these ranges do not correspond to the same analyzed points that give the maximum and minimum recorded temperatures based upon the A1 IV contents of the hornblendes. The Ti contents of the hornblendes in these rocks do not accurately reflect the temperatures at which they crystallized, because they did not crystallize in equilibrium with ilmenite. The values of Mg/(Mg + Fe2+ ) for the hornblendes vary only slightly but change systematically as a function of stratigraphic position. As noted previously, this change in hornblende composition can be correlated with changes in the mode and grain size of the olivine cumulates. In essence, the rocks below the chromite seams, the rocks associated with and slightly above the chromite seams, and the rocks within the chromite-free lower part of subunit 9 all have distinct amphibole compositions. The relative depletion of Cr in hornblendes above the chromite seams suggests that the processes responsible for chromite seam formation within the cumulates perhaps also influenced the composition of hornblendes that formed later.
The textural and chemical evidence indicate that the brown hornblendes crystallized from trapped interstitial liquid at high temperatures (in excess of 900 °C). Local variations in hornblende composition suggest that the local environment influenced the composition. The hornblendes that rim chromite may have formed earlier than the hornblendes that replace augite, because the highest recorded temperatures are from hornblendes immediately adjacent to chromite crystals. On average, about 96 percent of the interstitial space is occupied by plagioclase, augite, and orthopyroxene, all of which crystallized before or slightly overlapping the crystallization of hornblende and phlogopite. Although the quantitative relation between porosity and permeability is variable in both sandstones and cumulates, in general the higher the porosity, the greater is the permeability (Levorsen, 1958) . Porosities of less than 5 percent in sandstones are associated with extremely low permeabilities (less than 0.1 millidarcy). Thus, the small volume of pore space left at the time of hornblende and phlogopite crystallization suggests that the permeability of the olivine cumulate was small. Apparently, large-scale movement of trapped residual liquid, which would completely homogenize the final compositions of hornblende, did not occur or had ceased by the time hornblende finally crystallized. This discussion does not confirm or deny the movement of residual liquids prior to the crystallization of hornblende. However, if the residual liquids were derived from the underlying cyclic unit, they would have been in equilibrium with both cumulus olivine and orthopyroxene before migration and probably should have made the compositions of the interstitial minerals in subunit 1 different from those in the succeeding two subunits, both in which the initial interstitial liquid would have been in equilibrium with olivine alone. There is little difference between subunit 1 and the next two overlying cyclic units, which suggests that residual liquids did not migrate very far even at the time when the porosity and permeability would have been relatively high. 
A32 Contributions on Ore Deposits in the Early Magmatic Environment
The colorless tremolitic amphiboles formed later than the hornblendes and are generally associated with alteration that postdates final consolidation of the cumulates.
The phlogopites are compositionally homogeneous, varying only in the extent of Ti and Cr substitution in the octahedral sites. Experimental studies indicate that the Ti solubility in phlogopites is dependent on pressure, temperature, oxygen fugacity, and the bulk composition of the magma from which they crystallize (Arima and Edgar, 1981) . Experimental studies that approximate the conditions at which the Stillwater Complex magma would have crystallized have not been done, nor has the extent of Cr solubility in phlogopite as a function of temperature, pressure, and bulk composition been determined. Therefore, at this time, it is not possible to estimate the changes in any of these parameters that would be necessary to produce the limited variations noted in this report. It can be stated, however, that the compositions of phlogopites from the olivine cumulate of cyclic unit 2 are closer to those of phlogopites from high-pressure experimental runs, from potassium mantle-derived rocks, and from potassium-rich rocks that crystallized at depth than to those of other rocks that crystallized at shallow depths (compare with Arima and Edgar, 1981) . Nevertheless, the phlogopites certainly did not crystallize at high pressure and must have crystallized under conditions similar to those prevailing when hornblendes crystallized.
Finally, the Cl and F contents of both hornblende and phlogopite indicate that the magma from which they crystallized was not notably enriched in these elements. Many recent studies have suggested that volatiles in mafic magmas may play an important role in the concentration of platinumgroup elements (Bow and others, 1982; Kinloch, 1982) . Studies of platiniferous hortonolitic dunite pipes in the Bushveld Complex have shown that amphiboles are enriched in chlorine (0.41 to 0.83 weight percent; Schiffries, 1982) and phlogopites are enriched in fluorine (Wagner, 1929) . The B-chromitite of cyclic unit 2 is enriched in platinum-group elements (Page and others, 1976) ; however, there is no indication that the Cl or F contents of the magma played a significant role in the concentration of platinum-group elements in this part of the Ultramafic series. (Helz, 1973) [Estimated errors in temperature based on analytical methods are ± 14 °C for the A1 IV estimates and ±35 °C for the Ti estimates. These results are based on one standard deviation determined for Al and Ti for the standard (table 4) 
